Abstract Changes in salinity affect the physiological status of the marine habitat including that of the intertidal mud crab Macrophthalmus japonicus. Chitinases play significant biological roles in crustaceans such as morphogenesis, nutrient digestion, and pathogen defense. In this study, the osmoregulatory function of three chitinase gene transcripts was determined compared to seawater (SW, 31±1 psu) in M. japonicus gills and hepatopancreas under different salinities (10, 25, and 40 psu) for 1, 4, and 7 days. In SW-exposed crab, quantitative real-time PCR analysis showed chitinase 1 (Mj-chi1) and chitinase 4 (Mj-chi4) transcripts constitutively expressed in all the tested tissues with strong expression in hepatopancreas, but chitinase 5 (Mj-chi5) showed highest expression in stomach. When exposed to different salinities, Mj-chi1 showed significant up-regulation at day 4 whereas Mj-chi4 showed late up-regulation (day 7) at all the salinities in hepatopancreas. In the gills, early up-regulation (day 1) in Mj-chi1 and time-dependent late up-regulation (day 7) in Mj-chi4 at high salinity were observed. These results indicate the possibility of using Mj-chi4 as a marker against salinity changes. Moreover, our results further suggest that Mj-chi1 and Mj-chi4 transcriptions were significantly affected by changes in salinity; however, Mj-chi5 in gills was less affected by salinity and showed no effect in hepatopancreas. Thus, chitinase transcription modulations in the gills are more sensitive than hepatopancreas to salinity stress. Further, present data indicate the possible existence of different physiological roles among chitinase gene families, which need to be clarified in more detail by future biochemical and physiological functional studies.
Introduction
The intertidal mud crab (Macrophthalmus japonicus) (belonging to the Phylum Arthropoda; sub phylum Crustacea; order Decapoda) is an important component of estuarine and bay ecosystems and one of the most abundant macrobenthos. They are a burrowing species that inhabit muddy tidal flats (Otani et al. 2010) and are widely distributed throughout the Indo-Pacific region, particularly in Japan (Kitaura et al. 2002) and Korea. This species can be used as a biological indicator to measure the environmental impact of natural stresses and human activities (salinity, temperature, dissolved oxygen content, sediment toxicant contaminant levels, etc.) .
The body of all arthropods (including crustaceans) is covered by the exoskeleton, of which the outermost region is the epicuticle (a thin waxy layer). Beneath the epicuticle is the procuticle, the main structural part. The procuticle is further divided into two parts: the exocuticle (outer) and endocuticle (inner), which have similar structures and composition; about 90 % volume of the exoskeleton is the endocuticle (Chen et al. 2008) . Cuticle formation and hardening are complex processes involving many components and strict regulatory pathways of different genes throughout the molting cycle (Kuballa et al. 2011 ).
One of the major components in the exoskeleton is the chitin, which provides mechanical rigidity and protection to extracellular structures and protection against the environment and microorganisms, and resistance to desiccation (Mali et al. 2004) . It is the most abundant structural polysaccharide in nature consisting of long, unbranched insoluble polysaccharide of an amino sugar N-acetyl-β-glucosamine linked together by β-1,4-glycosidic linkages. Chitin is also a component of fungal cell walls, the shell and radulae of mollusks, the microfilarial sheath of parasitic nematodes, and a variety of insect digestive tracts linings. Under certain environmental conditions, crustaceans shed their shells and regenerate new ones during their development and growth. During the molting cycle, chitin in the old exoskeleton of crustaceans dissolves into more soluble forms by means of chitinolytic enzymes, which are then partially reabsorbed into the body and used to form the new exoskeleton (Spindler-Barth et al. 1990; Kono et al. 1995; Proespraiwong et al. 2010) .
Two chitinolytic enzymes are involved in digesting the chitinous shell. The chitinase (EC 3.2.1.14) degrades chitin i n t o c h i t o o l i g o s a c c h a r i d e s a n d t h e n t h e β -Nacetylhexosaminidase (EC 3.2.1.52) hydrolyzes the chitooligosaccharides to N-acetylglucosamine monomer (Kramer and Muthukrishnan 1997) . Chitinases are found from viruses to higher animals, and enzymes are involved in development, morphogenesis process, chitinous food digestion, and pathogen defense mechanisms, probably against chitin bearing pathogens (Kramer and Muthukrishnan 1997; Tan et al. 2000; Mali et al. 2004; Duo-Chuan 2006; Dahiya et al. 2006) .
Genes encoding chitinases have been isolated and characterized previously from several crustaceans. In some studies, their physiological and biological functions were determined or predicted based on transcriptional and/or protein levels (Huang et al. 2010; Proespraiwong et al. 2010; Salma et al. 2012; Rocha et al. 2012; Tan et al. 2000; Watanabe et al. 1998; Zhang et al. 2010 Zhang et al. , 2014 . Crustacean chitinase gene responses related to development, growth, and immunity have been reported substantially, while less research has been reported on how environmental changes (temperature, salinity, etc.) affect chitinase genes expression (Lv et al. 2013; Zhang et al. 2014) , and consequently how they affect animal physiology such as development, molting, homeostasis, and osmoregulation. Salinity is one of the important factors that affect animals' general physiology, and salinity adaptation is a comprehensive process. Hence, exploration of osmoregulatory and other compensatory mechanisms that are involved during acclimation to salinity changes is important.
Therefore, in this study, approaches have been taken to identify for the first time whether changes in salinity affect the chitinase genes in M. japonicus. Three chitinase gene homologs were identified from the M. japonicus GS-FLX transcriptome database: chitinase 1 (Mj-chi1), chitinase 4 (Mjchi4) and chitinase 5 (Mj-chi5) were quantitatively compared to natural seawater (SW, 31±1 psu) in various tissues of M. japonicus. The mRNA expression patterns of chitinases compared to SW (31±1 psu) in gills and hepatopancreas after crabs were experimentally exposed to different salinities (10, 25, and 40 psu) at days 1, 4, and 7 were also investigated.
Materials and methods

Experimental maintenance of M. japonicus
Adult crabs (weight, 8.0 g±2.0; width, 3 cm±0.5; height, 2.5 cm±0.5) were obtained from the local fish market in Yeosu in September 2013. They were transported to the Laboratory of Marine Technology, Chonnam National University. The crabs were acclimatized to laboratory culture conditions for 1 day in SW (31±1 psu) tanks (18″×14″×12″) with continuous aeration at 16±1°C. The crabs were fed with a small amount (approx. 200 mg) of Tetramin (Tetra-Werke, Melle, Germany) daily.
Salinity exposure experiments and tissue sampling
The artificial seawater (ASW) was prepared by dissolving Instant Ocean® Aquarium Sea Salt mixture (Instant Ocean, France) in dechlorinated tap water to obtain required salinity. The four salinity exposure conditions used were 10 psu in ASW, 25 psu in ASW, and 40 psu in ASW and SW (31± 1 psu). M. japonicus gills, hepatopancreas, muscle, heart, stomach, and gonad were extracted from the crabs after exposed to SW for tissue distribution analysis studies. Based on our previous salinity exposure study (Nikapitiya et al. 2014) , the crabs were kept for tissue sampling for RNA extraction at days 1, 4, and 7 post salinity exposure conditions, and gills and hepatopancreas tissues of M. japonicus in four salinity conditions were extracted at days 1, 4, and 7. Three animals were subjected to tissue extraction for each time interval in different salinity exposure conditions as well as SW-exposed crabs used for tissue distribution analysis. Sampled tissues were snap-frozen in liquid nitrogen and were stored at −80°C until taken for RNA isolation. Throughout the experiment, water temperature, salinity, and dissolved oxygen (DO) were measured daily for all the treatment conditions. RNA extraction and cDNA synthesis Total RNA was extracted as previously described (Nikapitiya et al. 2014 ) from the M. japonicus gills and hepatopancreas of each treatment and control group (25-30 mg/crab) using the TRIzol® reagent (Life Technologies, USA) according to the manufacturer's protocol. RNA was further treated by Recombinant DNase I (RNase free) (TaKaRa, Japan) to remove genomic DNA contamination. RNA was quantified using a NanoDrop-1000 (Thermoscientific, USA) and the concentration was adjusted to 500 ng/μL using nuclease-free water. RNA integrity was checked by 1.2 % agarose gel electrophoresis, and aliquots of the samples were stored at −80°C. One microgram of the total RNA from gill and hepatopancreas was used as a template to synthesize cDNA using PrimeScript TM 1st strand cDNA Synthesis Kit (TaKaRa, Japan) according to the manufacturer's protocol. Briefly, 2 μL (1 μg) of RNA was added to the 10 μL of reaction mixture containing 1 μL of oligo dT primer (50 μM), 1 μL of dNTP mixture (10 mM), and 7 μL of nuclease-free water. Then, the samples were incubated at 65°C for 5 min and cooled immediately on ice. That mixture was added to the reaction mixture containing 4 μL of 5× PrimeScript buffer, 0.5 μL of RNase inhibitor (20 units), 1.0 μL of PrimeScript RTase (200 units), and 4.5 μL of RNase-free water to make a total volume of 20 μL. The mixture was incubated at 42°C for 1 h, and then at 95°C for 5 min, and cooled to 4°C. The synthesized cDNA was diluted to 30-fold and was stored at −20°C until used.
Chitinase gene homologs from the M. japonicus GS-FLX database and bioinformatics analysis
Three chitinase genes homologs were identified by screening the previously generated GS-FLX transcriptome database gene sequences of M. japonicus whole body by our laboratory (unpublished, manuscript in preparation). Sequences were analyzed based on the nucleotide and protein database using the BLASTX and BLASTN program (http://www.ncbi.nlm.nih.gov/ BLAST/). Glycosyl hydrolases family 18 (Glyco-hydro-18) domains were identified by PROSITE profile analysis (Bairoch et al. 1997 ) and a motif scan program (http://myhits.isb-sib.ch/cgi-bin/motif_scan). For the n a m i n g p r o c e s s o f t h e s e t h r e e c h i t i n a s e s , a phylogenetic tree was generated by the neighbor joining method by Molecular Evolutionary Genetic Analysis (MEGA5) and bootstrapping replications were 1,000. Additionally, pairwise alignments of Glycohydro-18 domain of Mj-chi4 with known chitinase sequences Glyco-hydro-18 domains were analyzed using ClustalW version 2.0 (Thompson et al. 1994 ) with the default parameters settings.
Transcriptional analysis of M. japonicus chitinase gene homologs by quantitative real-time polymerase chain reaction Gene-specific primers for the candidate chitinase genes were designed based on the partial coding sequences of those three candidate genes using primer3 software. The best housekeeping gene for the study was considered to be the glyceraldehyde-3-phosphate dehydrogenase; Mj-GAPDH based on our previous study (Nikapitiya et al. 2014) . Table 1 shows all the gene names, accession numbers, and primer sequences used in this study.
Quantitative real-time polymerase chain reaction (qRT-PCR) was carried out using the Accuprep®2× Greenstar qPCR Master Mix (Bioneer, Korea) in a 20-μL reaction volume containing 3 μL of 30-fold diluted original cDNA, 10 μL of 2× SYBR, 0.5 μL of each forward and reverse primer (10 μM), and 6.0 μL DEPC-treated water, by Exicycler TM 96 (Bioneer, Korea). The qRT-PCR cycling protocol was as follows: 1 cycle of 95°C for 10 min, amplification for 40 cycles (95°C; 15 s, 60°C; 45 s), followed by 68-94°C melting curve analysis to confirm that a specific single PCR product was amplified and detected. The baseline was set automatically by Exicycler TM 96 real-time system software (version 3.54.8). The amplification efficiencies of the primers were analyzed by the equation E=10
(−1/slope) −1 (where E=efficien-cy) in the 10-fold serially diluted cDNA samples. All PCR assays produced a strong linear fit with the cDNA template dilutions (R 2 ≥0.95) and the PCR efficiency was ≥92 % for all assays.
The relative expression level of each transcript was determined using the Mj-GAPDH as an internal reference gene by the 2 − Δ Δ C t method (Livak and Schmittgen 2001) . The calculated relative expression levels of each gene in each tissue was compared with the respective gene expression level in gills in tissuespecific expression analysis (relative fold change mRNA expression for particular candidate gene in gill = 1). To determine the fold change mRNA expression of the animals exposed to different salinity conditions, the average relative expression of each individual at each time Mj-GAPDH7R KJ653265 AGGCCCTGGAC AATCTCAAAG point (n=3) was compared to the average relative expression of SW-exposed individuals at their respective time points (n=3).
Statistical analysis
Statistical analysis on tissue distribution and effect of time and salinity treatment on gene expression were performed using one-way of analysis of variance (ANOVA) followed by Turkey's multiple comparison test. All the statistical analysis was performed using GraphPad Prism 5 (GraphPad Software, USA). Differences were considered to be statistically significant at p<0.05. All data represented means±standard error.
Results
Phylogenetic analysis, pairwise comparison, and nomenclature of M. japonicus chitinase sequences
Phylogenetic analysis based on full-length nucleotide sequences of known chitinase coding sequences (CDS) and the M. japonicus is represented in Fig. 1a . The tree consists of three main clusters where Mj-chi1 is grouped with the Scylla serrata chi1 (EU883590) in one cluster and Mj-chi5 is grouped with Litopenaeus vannamei chi5 (FJ888481) in another cluster with bootstrap values of 41 and 91 %, respectively. Moreover, Mj-chi4 fell into a separate clade, in the cluster where the Mj-chi5 resides likely representing a new phylogenetic clade in the crustacean chitinase family. However, phylogenetic analysis of the Glyco-hydro-18 domains analysis showed that Mj-chi4 and Macrobrachium nipponense chitinase 4 (Genbank accession AHL28109) were grouped together with 100 % bootstrap value and branched into a separate clade from the other chitinase Glyco-hydro-18 domain sequences (Fig. 1b) . Furthermore, identification of the clear nomenclature for the Mj-chi4, Mj-chi4 Glyco-hydro-18 domain sequence identity and similarity percentages with known Glyco-hydro-18 domain sequences of several crustaceans are shown in Table 2 . The results showed the variation of 49.0-64.9 % identity, 64.1-80.6 % similarity, and gap percentage of 3.9-0.6 % compared with other chitinases as sequences of Glycohydro-18 domain sequences in the chitinases. Mj-chi4 Glycohydro-18 domain sequence shows greater identities to Pandalopsis japonica chitinase (64.9 %) (Genbank accession AFC60662), L. vannamei chi4 (63.0 %) (Genbank accession ACR23314), and M. nipponense chi4 (60.3 %) (Genbank accession AHL28109), showing high similarities of 80.6, 76.9, and 73.7 % and gap percentage of 0.6, 1.9, and 1.4 %, respectively. Hence, based on the BLAST analysis, phylogenetic and pairwise comparisons analysis results, the identified sequences from the M. japonicus GS-FLX database were named as chitinase 1 (Mj-chi1), chitinase 4 (Mj-chi4), and chitinase 5 (Mj-chi5).
Tissue distribution analysis for M. japonicus chitinases after exposure to SW Tissue-specific gene expression profiles for each chitinase gene were analyzed by the fold change mRNA expression after qRT-PCR on six M. japonicus tissues exposed to SW. The expression fold of three chitinase genes in each tissue was determined with respect to the expression in gill tissue (the relative fold change expression of each gene in gill=1) Oneway ANOVA in tissue distribution analysis showed that the Mj-chi1, Mj-chi4, and Mj-chi5 expression levels are significantly different among the tissues (Fig. 2) .
Mj-chi1 transcript was most abundant in hepatopancreas, with moderate expression in gonad followed by stomach, and a lowest expression was shown in gill, muscle, and heart (Fig. 2a) . Mj-chi4 was mainly expressed in hepatopancreas followed by gonad, stomach, and heart but least expression was shown in gills and muscle (Fig. 2b) . Mj-chi5 was expressed mainly in the stomach followed by gill, hepatopancreas, and muscle followed by faint expression in heart (Fig. 2c) .
Expression analysis of M. japonicus chitinase mRNA exposed to different salinity conditions Expression of Mj-chi1 mRNA in the gills exposed at different salinities showed different patterns of expression compared to SW. In particular, at 25 psu, increased expression was observed in a time-dependent manner, whereas at 40 psu, a decreased expression pattern was observed in a time-dependent manner. mRNA expression of Mj-chi1 showed higher upregulation at day 1 in 40 psu-exposed gills compared to SW; however, it decreased over time and was down-regulated at day 7 (Fig. 3a) . In contrast, 25 psu-exposed crabs gill tissue showed a higher level of expression (21-fold at day 4 and 31-fold at day 7) than all the other salinity exposures, and upregulation was in a time-dependent manner. Under SW conditions, the expression was up-regulated at day 4 compared to day 1 and then a decreasing trend was observed at day 7. Basal expression was observed at day 1 in 10 psu-exposed crabs with significantly higher expression at day 4, then it was more down-regulated at day 7 than at day 4 (p<0.05).
In contrast to gill, Mj-chi1 mRNA expression pattern of hepatopancreas showed higher up-regulated expression in all three salinity exposure conditions (10, 25, and 40 psu) than the SW of each day (Fig. 3b) ; however, significant differences were seen at day 4. Among all three salinity conditions, peak expression was observed at day 4 (10 and 25 psu) (p<0.05) and was decreased at day 7 compared to day 4. However, those changes were significantly different between days 1, 4, and 7 (p<0.05).
Mj-chi4 mRNA expression in the gill was in a timedependent manner (Fig. 3c) . In SW, Mj-chi4 was not changed, and in low and high salinities, quicker response was observed than the SW from day 4 onwards, but was not significant. mRNA expression of Mj-chi4 remained unchanged at early day 1 in gills at all the salinities and slightly induced than SW at day 4. Then the expressions were dose dependently increased at day 7 and showed 30-fold expression at 40 psu (Fig. 3c) . It was significantly higher (p<0.05) than the SW at day 7 as well as day 1 expression levels, when animals were at 40 psu.
Although Mj-chi4 was highly up-regulated (p<0.05) at day 4 in 10 psu, in general, time-dependent Mj-chi4 expression was observed in hepatopancreas for all the salinities including slight increment in SW. However, none of those were significant with the time except in 25 psu at day 7 compared to days 1 and 4. At 10 psu, a peak Mj-chi4 expression (13-fold) was observed at day 4, and then the expression was decreased at day 7. However, including at 10 psu, all the salinity exposure conditions showed up-regulated Mj-chi4 expression at day 7, which was still higher than the expression level of SW at day 7 (Fig. 3d) .
The temporal expression pattern of Mj-chi5 mRNA in gills and hepatopancreas of mud crab after salinity exposure was Fig. 1 a Phylogenetic analysis of M. japonicus with known chitinase sequences. The tree is based on full-length nucleotide sequences of chitinase coding sequences (CDS) and the partial sequences of the M. japonicus using the neighbor joining methods provided by the MEGA5. b Phylogenetic tree analysis of Glycosyl hydrolases family 18 domain in Crustacea. The tree was constructed based on the Glyco-hydro-18 amino acid sequences of chitinases using the neighbor joining methods provided by the MEGA5. The numbers at the branches denote the bootstrap majority consensus values on 1,000 replicates. The Genbank accession numbers are shown next to each species Table 2 Percentage of identity, similarity, and gaps of the Mj-chi4 with chitinase homologs from other known species at the amino acid level Pairwise identity percentage was calculated using EMBOSS alignment program (http://www.bi.ac.uk), maintaining default parameters I identity, S similarity, G gaps, AA amino acids Fig. 2 Tissue-specific mRNA expression of M. japonicus. a Chitinase 1 (Mj-chi1); b chitinase 4 (Mj-chi4); and c chitinase 5 (Mj-chi5) in seawater (SW) (31+1 psu). Tissues: Gi, gill; Hp, hepatopancreas; Ms, muscle; Gn, gonads (male); Ht, heart; St, stomach. Each bar represents the mean value from three individuals with the statistical error (SE) ±. Different letters indicate significant differences (p<0.05). Tissue-specific relative fold change mRNA expression was calculated by a 2 −ΔΔCt method, using Mj-GAPDH as a reference gene. The calculated relative expression levels of each gene in each tissue were compared with respective gene expression level in gills in tissue-specific expression analysis (relative fold change mRNA expression for particular candidate gene in gill = 1) shown in panels e and f of Fig. 3 , respectively. A generally increased Mj-chi5 trend was observed for all the salinities with low magnitude of the expressions (Fig. 3e) in the gills, but the expressions were not significant. However, in SW, time- Fig. 3 qRT-PCR analysis of chitinase 1 (Mj-chi1) expression (Gi; a, Hp; b), chitinase 4 (Mj-chi4) expression (Gi; c, Hp; d), and chitinase 5 (Mjchi5) expression (Gi; e, Hp; f) in gill (Gi) and hepatopancreas (Hp) of M. japonicus that had been exposed at different salinity levels of 10, 25, and 40 psu and seawater (SW) (31±1 psu) at different time points (days 1, 4, and 7). Each bar represents the mean value from three individuals with the statistical error (SE) ±. The relative expression level of each transcript was determined using Mj-GAPDH by the 2 −ΔΔCt method. Relative fold change in gene expression after different salinity exposure was determined by dividing the average relative expression of each individual at each time point (n=3) by the average relative expression of SW-exposed individuals at their respective time points (n = 3).
(Relative fold change mRNA expression for particular candidate gene for SW at each time point = 1). Significant salinity with in the days represented by bracket, whereas significance of the days for each salinity was represented by different letters dependently increased expression pattern (p<0.05) was observed. In contrast, basal or down-regulated expression of Mj-chi5 (Fig. 3f ) was clearly observed in the hepatopancreas at all the time points, but the expressions were not significant.
Discussion
between gills and hepatopancreas following salinity changes and its tissue distribution pattern, it could suggest that Mj-chi1 may be involved in different physiological functions such as osmoregulation, homeostasis, digestion, and development, and may be affected when salinity changes. Furthermore, gene expression regulation is more prominent in both gills and hepatopancreas especially for Mj-chi1 and Mj-chi4 at day 4 and Mj-chi5 in gills at day 4. Significant variations of Mj-chi1 and Mj-chi4 expression at either low or high salinity compared to SW and peak expression levels observed in most of the salinity exposure conditions at day 4 suggest that physiological functions might have been affected in the crab mostly at day 4. This further supports our previous findings that day 4 is the crucial time point at which physiological changes occur in crabs due to salinity changes (Nikapitiya et al. 2014 ). Furthermore, gill-specific chitinases were more sensitive to the salinity variations, as all three chitinase gene transcripts showed differential regulation patterns in the gills than in hepatopancreas in mud crab. Additionally, time-dependent expression pattern of Mj-chi4 indicates the possibility of Mj-chi4 use as a marker against salinity changes. Gill tissue has been reported for modulating ion transport, acclimation to different salinities, and major active site for osmoregulation in crustaceans (Gilles and Pequeux 1985; Pequeux 1995) . However, chitinase gene response following salinity changes has been not reported in the gills. Basal expression in hepatopancreas and the low level of the expression of Mj-chi5 in gills indicate that Mj-chi5 may have specific osmoregulatory functions in gill, but may also have other functions. As evidence in previous studies (Huang et al. 2010) has shown that chitinase plays a role in immunity; in this study, the question whether Mj-chi1 and Mj-chi5 has a function in immunity also arises. A higher Mj-chi5 induction in the gills at SW at day 7 compared to day 1 at SW was observed, and this pattern of expression was not observed in other chitinases in gills or hepatopancreas except for a considerably higher expression in Mj-chi1 at day 4 (4±2-fold) in the gills. Hence, it could be suggested that Mj-chi1 and Mj-chi5 are involved in both osmoregulation and immunity function. Further, Gao et al. 2012 suggested that chitinase gene upregulation in L. vannamei was the result of innate immune protection under short-term hyposmotic stress conditions and was down-regulated under long-term low salinity stress conditions due to immune depression. However, our interest is to find the effect of salinity on chitinase gene expression (osmoregulation ability); therefore, this is beyond our scope.
In conclusion, differential expression patterns of chitinases between mud crab gills and hepatopancreas suggest that some of the chitinase genes (chitin metabolic process) play an important role in osmoregulation or are affected by salinity stress. The results of this study give important information for future research on the mechanism of osmoregulation in marine invertebrates and in bio-monitoring markers against salinity changes.
